More than 20 million children are born low birth weight (LBW; i.e., having a birth weight below 2500 grams) each year around the world, accounting for about 15.5% of all births (Wardlaw, 2004) . Children born weighing less than 2500 grams have a significantly higher mortality rate (approximately 20 times that of normal birth weight children), and, throughout their lives, LBW children remain at greater risk for a number of deleterious health conditions including increased rates of behavioral disorders (especially attention problems, depression, and anxiety), altered immune function, hypertension, diabetes mellitus, renal failure, and hormonal anomalies (Burnett et al., 2011; Chilcoat & Breslau, 2002; Costello, Worthman, Erkanli, & Angold, 2007; Lackland, Bendall, Osmond, Egan, & Barker, 2000; Wardlaw, 2004; Wüst, Entringer, Federenko, Schlotz, & Hellhammer, 2005) . In addition, children born with a birth weight below 2500 grams are at higher risk for cognitive, academic, and behavioral difficulties, and these problems can persist long after the early childhood period (Aylward, 2005; Bohnert & Breslau, 2008; Breslau, Chilcoat, DelDotto, Andreski, & Brown, 1996; Breslau, Paneth, & Lucia, 2004; Litt, Taylor, Klein, & Hack, 2005; Taylor, Klein, Minich, & Hack, 2000a , 2000b .
In one study, Breslau and colleagues (1996) found a variety of neuropsychological differences in a group of 6-year-old LBW children when compared to age-matched children of normal birth weight (i.e., the groups differed on measures of language, visuospatial, fine-motor, and attention skills). Further, these investigators found evidence of gradient effects in this cohort with greater reductions in performance being obtained at progressively lower birth weights. Taylor and collaborators also found evidence of cognitive deficits, academic dysfunction, and greater behavioral problems in a group of middle-school-aged children born very low birth weight (i.e., <1500 grams). These researchers indicated that, within the extremely low birth weight group, disparities grew more pronounced on measures of global cognitive abilities, basic reading skills, academic performance, and parent-reported measures of behavior and attention as children increased in age. Finally, in a follow-up study to their 1996 paper, Breslau et al. (2004) found that previously LBW children continued exhibiting decreases in academic skills at the age of 17.
In addition, other perinatal neurologic injuries and environmental factors such as low socioeconomic status (SES) and maternal infections may exacerbate these problems (Aylward, 2005; Böhm, Katz-Salamon, Smedler, Lagercrantz, & Forssberg, 2002; Munck et al., 2010; Perlman, 2002) . For example, Whitaker et al. (1997) demonstrated that LBW children sustaining an interventricular hemorrhage (IVH) were more likely to exhibit a psychiatric diagnosis (especially attention deficit/hyperactivity disorder) at 6 years of age compared to LBW children who had not sustained a concurrent IVH. Bohnert and Breslau (2008) showed that LBW children growing up under disadvantaged circumstances had a higher rate of attention problems when compared to LBW children growing up in circumstances with more resources.
Taken together, the above studies indicate LBW children are at a significant risk for long-term cognitive and behavioral difficulties and suggest that at least some of these deficits may be influenced by environmental factors and/or exacerbated by other perinatal insults such as an IVH. However, other investigations have suggested that children born LBW demonstrate considerable plasticity and recovery of cognitive skills following birth (Ment et al., 2003) , and some studies have suggested that children born late preterm (e.g., between 34 and 36 weeks gestation) who are otherwise healthy do not exhibit any significant decrements in cognitive skills when evaluated years later (Gurka, LoCasale-Crouch, & Blackman, 2010; Romeo et al., 2012) .
Few, if any, studies have examined how LBW children respond to future neurologic injuries that occur years after birth. Breslau (1990) addressed a similar question by examining the influence of environmental stress on the rate of psychiatric diagnosis in a group of children with various handicaps. Interestingly, she found no greater Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 adverse effect of environmental stress within the handicapped group suggesting that children with neurological dysfunction did not have greater vulnerability to environmental stress. However, this study was concerned only with increases in the rate of psychiatric diagnosis and was primarily intended to examine relatively low-level but chronic environmental stress as opposed to a secondary injury. Other investigations have examined the relationship between LBW and complex injuries occurring secondary to premature birth. These investigations indicate that LBW children who also demonstrate brain anomalies are at a significantly higher risk for developmental or motor delays, but most of these investigations are concerned with injuries occurring soon after birth (Pinto-Martin, Whitaker, Feldman, Van Rossem, & Paneth, 1999; Whitaker et al., 1990 ). An important question is whether LBW status contributes to long-term alterations in brain development that lead to different (i.e., more attenuated) patterns of recovery following a future neurologic insult.
Research with other populations has examined the influence of cumulative risk on long-term cognitive outcomes. Research with children who have sustained traumatic brain injuries (TBIs) suggests that these children remain at risk for significantly worse outcomes following a second injury even if one or both of the traumas was relatively minor (Stern et al., 2011) . Further, evidence suggests that repetitive, even mild, head traumas in young adulthood may result in very long-term increases in mild cognitive impairment and earlier onset of Alzheimer's type dementia (Guskiewicz et al., 2005) . Thus, it seems plausible that even in the context of apparently intact functioning, LBW children may be at increased risk for an attenuated recovery following future neurologic insults. This small study reports a prospective case series of children who were part of a larger investigation on the long-term cognitive impact of traumatic brain injury (TBI) but who were also born with birth weights below 2500 grams. We hypothesized that LBW children may exhibit a different pattern of recovery following a mild, moderate, or severe TBI when compared to a group of normal birth weight children who had sustained a TBI of similar severity.
METHODS

Participants
All participants were part of a larger project examining cognitive and neuropsychological sequelae following mild, moderate, or severe TBI in children between 5 and 17 years of age. For a complete description of the cohort and study design, see Hanten et al. (2009) . Briefly, children between the ages of 5-15 years, who had sustained a closed head injury, were recruited during their hospitalization after they had become medically stable. Recruitment occurred at five major medical centers (three in Texas, the University of California San Diego, and the Hospital for Sick Children in Toronto).
Participants had injuries ranging in severity from mild to severe based on the lowest postresuscitation Glasgow Coma Scale (GCS) score. The original study cohort was composed of children who experienced mild-to-severe closed head injuries and who had a recorded GCS (Teasdale & Jennett, 1974) score reported in hospital records. Mild TBI was defined by the lowest GCS score ranging between 13-15. Moderate TBI was defined by lowest GCS scores of 9 to 12 or by GCS scores of 13 to 15 with brain lesions (contusions, hematomas) indicated by computed tomography (CT) scans. GCS scores of 3 to 8 defined severe TBI. Children with a history of neurological involvement (e.g., previous head injuries of any severity, injuries resulting from child abuse, cerebral palsy, epilepsy, brain Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 tumors/stroke, hypoxia, etc.), those with significant sensory impairments (e.g., hearing loss requiring assistive devices or vision loss that was not normalized by corrective lenses), and significant developmental or psychiatric disorders (e.g., mental retardation, autism spectrum disorders, bipolar disorder, or schizophrenia) were excluded from participation in the study. An index score of socioeconomic status (SES) based on four factors (education, income, occupation, and occupational prestige) was measured by the Hollingshead Index (Hollingshead, 1975) .
The entire cohort of the original study contained 173 children who had sustained mild (n = 47), moderate (n = 60), or a severe TBI (n = 66). As is typical for childhood TBI studies, the population contained more males (n = 120) than females (n = 53), although there were no gender differences by injury severity. All participants in the current article were drawn from the TBI group of the initial cohort. There were a total of 5 LBW participants with birth weights ranging between 1200 grams and 2500 grams (approximately 2.5 and 5.5 lbs.) in this prospective, longitudinal study. These participants were matched to 9 normal birth weight (NBW) participants. Participants were matched on age, estimated SES, and severity of TBI similar or worse than the LBW group. This procedure yielded a total of 14 children with mild-to-severe TBI. Of note, we were particularly interested in the impact of low birth weight on the trajectory of recovery from a later injury rather than on the impact of TBI on overall cognitive and academic development. Therefore, we chose to compare the LBW group to NBW participants who had also sustained a TBI; thereby partly controlling for injury-related factors.
Procedures
All study procedures were approved by and in accordance with the internal review board and human subjects guidelines of the participating institutions. After parental informed consent was obtained and documented, participating children were administered a battery of neuropsychological tests. Assessments occurred on five occasions: at baseline (within 1 month following the injury), 3 months, 6 months, 12 months, and 24 months. Most participants from both groups completed all assessments. Of note, despite some individuals not participating at all follow-up intervals, our rate of follow-up for the entire study was not significantly different from other studies of pediatric TBI.
Although other measures were given in the original study, five broad measures of executive and cognitive function were used in the current study, as these measures provide a general overview of a range of cognitive abilities and were the measures available at each of the time points for this relatively small sample. Specifically, we used standardized measures of academic functioning (i.e., Woodcock-Johnson Test of Academic Achievement-Revised [WJ-R] Letter-Word Identification and Calculations subtests [Woodcock & Mather, 1989 ]), adaptive functioning (i.e., Vineland Adaptive Behavior Scale [VABS; Sparrow, Balla, & Cicchetti, 1984] Shallice, 1982] ).
RESULTS
Because of the descriptive/preliminary nature of this investigation and small sample size, no inferential statistics were performed as any analyses would be hampered by Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 a lack of power. The LBW and NBW groups were similar in terms of age and estimated SES. Groups were less well matched in terms of injury severity with the NBW group having more severe injuries as a whole than the LBW group (see Table 1 ). At baseline, both groups exhibited similar scores on all measures except the CELF-III Formulated Sentences and VABS (see Table 1 ). Specifically, at baseline, the NBW group scored higher on the CELF-III Formulated Sentences test than the LBW group. The VABS Adaptive Behavior Composite also revealed baseline differences between the groups with the LBW group scoring higher on the measure than the NBW group. Group comparisons were also performed for the three subtests of the Vineland (see Table 1 for summary statistics). At baseline, group differences emerged on the socialization subdomain of the Vineland with LBW scoring higher than NBW, but baseline group differences on the other subdomains of communication and daily living skills were not observed.
Over the 2-year follow-up period, relative to the NBW group, the LBW group evidenced relative declines (i.e., declines in their standard scores) on both WJ-R subtests, as well as CVLT-C total correct, CELF-III Formulated Sentences, and VABS ABC and Socialization. Essentially, the difference between NBW and LBW groups was increasing with time postinjury especially on the WJ-R Calculations and VABS socialization (see Figure 1 ). LBW participants also exhibited notable decreases on the WJ-R Letter-Word Identification and CVLT-C total correct between baseline and 24 months postinjury compared to modest improvements in these measures within the NBW group (see Figure 1) . No apparent differences on the TOL problem solving emerged. See Table 1 for a list of specific scores for LBW participants for each measure and occasion, for mean and median scores for both groups, and for Cohen's d with confidence intervals obtained via a bootstrap analysis that resampled the population 500 times with replacement.
DISCUSSION
The current preliminary study presents a small case series of 14 children who sustained a mild, moderate, or severe TBI and 5 of whom were also born with a birth weight below 2500 grams. When compared to a group of age-and SES-matched normal birth weight children each of whom had similar or worse injuries, the LBW children seemed to exhibit attenuated recovery despite appearing relatively well matched at baseline. That is, there were negligible differences in the groups at baseline in terms of their academic skills, verbal memory abilities, and problem-solving skills. NBW children performed better at baseline on a measure of language skills, but LBW children had better parent-reported adaptive skills in the baseline assessment. Nevertheless, throughout the 2-year follow-up period, the LBW group demonstrated a decline, relative to their age-matched peers, in their academic skills, verbal memory abilities, and, in particular, their adaptive (especially socialization) skills. This latter finding is particularly salient because at baseline, the LBW group was actually judged to have better developed adaptive/social abilities when compared to the NBW children. NBW superiority in terms of language skills continued to be evidenced throughout the follow-up period, and no differences on measures of problem solving emerged. Because of the limited number of participants and the convenience nature of the sample, this investigation can only be considered a preliminary study, but it provides interesting data regarding the potential for differences in how LBW children respond to later neurologic insult. Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 Despite many baseline similarities, the pattern that emerged during the follow-up period suggests that children who were born LBW, but appeared to be functioning generally within the average range years later, exhibit an attenuated pattern of recovery following a much later brain insult. Of note, the present results do not suggest that children within the LBW group actually suffered a loss of cognitive skills throughout the follow-up interval but, rather, that these individuals may have failed to make age-expected gains, even more so than other children who had also sustained a TBI. Failure to make age-expected gains in various cognitive domains is a common pattern emerging in long-term studies of TBI survivors (Anderson et al., 2006; Hanten et al., 2009; Schmidt et al., 2012) . The differences that emerged between the groups in the current small case series appear to suggest that this trend was accentuated in LBW children, although it may also be the case that children within the LBW group exhibit an extended window of recovery that goes beyond the 2-year follow-up period of the current investigation. Regardless, these conjectures can only be disentangled by additional larger scale investigations.
Although we only examined a limited subset of cognitive domains, when compared to the NBW TBI group, some of the most vulnerable areas within the LBW group appeared to be in terms of adaptive skills (especially socialization skills), academic skills, and verbal memory. Previous studies have indicated that all of these areas are commonly affected in pediatric TBI (Catroppa & Anderson, 2007; Catroppa, Anderson, Morse, Haritou, & Rosenfeld, 2008; Ewing-Cobbs, Prasad, Landry, Kramer, & DeLeon, 2004; Max et al., 1998; Mottram & Donders, 2006; Rivara et al., 2011; Roman et al., 1998) , and children with severe injuries appear most vulnerable for persistent deficits (Ewing-Cobbs et al., 2004; Fay et al., 2009) . The decrease in terms of socialization skills following a TBI for the LBW participants is particularly concerning as social skill deficits are some of the most intractable difficulties arising following a closed head injury. These deficits can be associated with significant problems with peer and family relationships and overall rehabilitation success (Yeates et al., 2007) . Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015
Despite the range of injury severities (including several mild TBI patients) represented in the LBW group, the pattern observed suggests a recovery trajectory similar to that seen following severe TBI. That is, the data presented here suggest that the recovery trajectory of children born with LBW may be worse than would be expected given their injury severity. Interestingly, recent research suggests that preinjury functioning may be just as important as injury severity in influencing outcomes (Anderson et al., 2012) . The current findings complement these observations by suggesting that other preinjury variables may also affect long-term outcomes even when preinjury functioning appears relatively similar.
Language skills did not exhibit much relative change over the follow-up period. However, this is not to say that these skills were preserved, but rather that the groups' performance on these measures did not change relative to each other over the follow-up interval. In fact, LBW participants experienced a decrease in their performance on this measure, although their baseline performance was already below that of the NBW group complicating interpretation of this result. It is striking that differences in TOL performance were not observed between the groups, as executive skills are extremely vulnerable to closed head injuries (Levin & Hanten, 2005) . However, it may be that the impact of the injury was so significant as to swamp any differences between the NBW or LBW groups on this measure. It is also possible that the TOL task is more complex and thus less sensitive to executive dysfunction in this age range.
Other investigations have examined outcomes in LBW children who also incur brain injuries such as white matter injury (Pinto-Martin et al., 1999) . This investigation reported that children born below 2000 grams and who demonstrated evidence of white matter injury on a neonatal cranial ultrasound exhibited lower motor skills as late as 9 years of age despite apparently normal cognitive development. Studies using animal models have demonstrated the concept of continued vulnerability of brain structures that may already be in somewhat of a weakened state. colleagues (1999, 2007) demonstrated that animals exposed to fetal/neonatal iron deficiency were more vulnerable to subsequent hypoxic/ischemic injuries sustained in the early postnatal period.
As described above, many of these investigations typically involve injuries that occur soon after birth or assess functioning within the first several years of life. A few investigations that have examined long-term cognitive, learning, and psychiatric outcomes in LBW children have suggested interactions between LBW status and environmental factors. For example, Casey, Whiteside-Mansell, Barrett, Bradley, and Gargus (2006) found that children born small for gestational age (SGA) were essentially undistinguishable from typically developing children in terms of growth, cognitive development, and academic achievement unless these children also experienced postnatal growth restriction (i.e., were described as failure to thrive). These investigators showed that children who were both SGA and failed to thrive performed significantly worse than all other groups on measures of cognitive development and academic achievement (Casey et al., 2006) . Roberts, Bellinger, and McCormick (2007) described a cumulative risk model whereby children born LBW had an increased probability of being diagnosed with a learning disability if they also exhibited certain other risk factors. In another study, Bohnert and Breslau (2008) found that children born LBW and who grew up in an urban community had a higher rate of externalizing disorders. The authors suggested that these findings provided evidence of an interaction between the child's LBW status at birth and environmental/genetic factors in development. Conversely, in one of the few studies of its kind by Donders and Strom (1997) found that children with a history of learning disability who had sustained a subsequent TBI exhibited a significant decrease in their performance Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 on a measure of intellectual functioning when compared to age-and injury-matched controls without a history of learning disability. This study suggests that children with a history of learning differences may be at an increased risk of long-term cognitive changes following a closed head injury (Donders & Strom, 1997) and is the closest parallel to the current case series we noted in our review of the literature.
Each of the aforementioned investigations have suggested that children born LBW may remain vulnerable to future environmental influences that affect neurological development; however, in all of the studies, conclusions were necessarily cautious because genetic influences could not firmly be ruled out. While we urge similar caution in the interpretation of the current findings, these results provide some tentative support for the hypothesis that LBW children respond differently to subsequent neurologic insults despite apparently normal development.
The current findings are somewhat in contrast to other studies suggesting relatively normal development of larger LBW children. That is, although not entirely consistent, many previous investigations have indicated that larger LBW children (i.e., children with a birth weight between 2000-2500 grams) and/or children born between 35-37 weeks gestation are generally undistinguishable from their NBW or full-term peers in the absence of significant perinatal complications (Cheatham, Bauer, & Georgieff, 2006; Cheatham, Sesma, Bauer, & Georgieff, 2010; Gurka et al., 2010) . Similarly, Rose and colleagues suggest that, although cognitive differences in processing speed and attention may continue to be present in formerly LBW children at 1 year of age, many of the risks associated with medical complications appear to have been minimized by this point in development (Rose, Feldman, & Jankowski, 2001 , 2002 . Most of the children involved in the current study were relatively large LBW or late preterm births. Therefore, these findings potentially suggest that children born LBW (even if at the upper end of this range) may display an atypical pattern of recovery following subsequent neurological injuries at least until middle childhood. If supported by future, larger investigations, these findings may suggest that there are differences in the long-term brain development of these children even out of the neonatal period and may help to bolster the previous observations of other research that indicate interactions between LBW status and environmental factors (Bohnert & Breslau, 2008; Casey et al., 2006; Roberts et al., 2007) .
It remains unclear as to why formerly LBW children who appear to be typically developing may exhibit an atypical pattern of recovery following a subsequent neurologic injury; however, a recent investigation has suggested a possible mechanism that may explain this pattern. Pitcher et al. (2012) used transcranial magnetic stimulation to investigate mechanisms of neuroplasticity in a group of healthy adolescents who were born preterm. These investigators found evidence for reduced long-term depression (a process thought to be critical to learning and memory formation) in the formerly preterm adolescents and conjectured that their findings were suggestive of reduced neuroplasticity in this group. Although obviously speculative, alterations in the mechanisms of neuroplasticity could affect the long-term recovery pattern of children sustaining a TBI and may provide one potential explanation of the current findings.
Obviously, this case series investigation is limited by a small convenience sample, problems with estimation of premorbid abilities (as in all studies of TBI), and by a restricted range of cognitive measures. The inability to access birth records, the absence of measurements of head circumference and/or head/body growth trajectories, characterization of what, if any, were the additional pre-and perinatal complications of the LBW group (e.g., maternal substance abuse, maternal diabetes, presence of other complications of prematurity, etc.), and lack of information regarding any preexisting brain abnormalities Downloaded by [University of Houston-Downtown] at 18:08 07 January 2015 are other significant limitations of the present investigation. In addition, the current study would have been strengthened if children who were born LBW but who had not sustained a TBI were also evaluated and compared to the other two groups. Unfortunately, there were insufficient numbers of age-matched LBW children within the typically developing group employed as a control group in the initial investigation to make this approach feasible. However, because of the relatively stringent exclusion criteria and the generally consistent performance of the groups at baseline, it is likely that none of the participants in either group had significant preexisting neurologic, motor, sensory, intellectual, or psychiatric issues that would have otherwise skewed the current findings. It is also possible that the current findings reflect a developmental decline in cognitive abilities within the LBW group that would have occurred regardless of these children sustaining a TBI, although previous longitudinal research with late preterm populations does not support this contention (see Gurka et al., 2010; Romeo et al., 2012) . Finally, it should be emphasized that the injuries sustained by the NBW group were either the same or worse than those of LBW participants, thereby increasing the likelihood of more negative outcomes within the NBW group.
Future studies would benefit from the addition of functional (e.g., functional magnetic resonance imaging [MRI] or resting state imaging) and structural (diffusion tensor imaging or structural MRI) imaging technology to track the pattern of recovery in children born LBW who sustain a later neurologic insult. These type of studies could help to clarify if the brains of children born LBW respond in a fundamentally different way to neurologic insult (i.e., if they exhibit different patterns of neuroplasticity following a subsequent injury) or if any differences that emerge in recovery are secondary to preexisting structural anomalies present in the formerly LBW group.
Future studies should also examine other high-risk neonatal populations to assess if these children are at increased risk for long-term cognitive difficulties following other injuries such as shaken baby syndrome, environmental toxicity, or nutritionally related deficits. Although not explicitly examined by the current study, the findings suggest that children born late preterm who sustain even a mild future injury may experience cognitive complications despite apparently intact premorbid skills. If confirmed by additional larger investigations, this finding has importance given the substantial numbers of concussions and other mild head injuries sustained by children and adolescents in the United States.
The trend of the data appears to suggest that children born LBW have a different (i.e., shallower) trajectory of recovery following subsequent neurologic damage many years after their birth. This was observed despite indications that these children were well functioning prior to their injury and being well matched to controls in most cognitive domains at baseline. If supported by future research, these findings would suggest that even relatively larger LBW children may have differences in terms of their overall brain development (especially under circumstances of challenge) when compared to their NBW peers. Although obtained with small numbers, nonoptimal control groups, and limited background information, the current results appear to highlight the need for clinicians and researchers to not ignore the long-term implications of pre-and perinatal history when describing current functioning or characterizing the impact of recent injuries and suggest that early pre/perinatal complications may continue to have a pervasive if subtle effect on brain development long after birth.
Original manuscript received June 14, 2012 Revised manuscript accepted June 29, 2013 First published online August 20, 2013 
